INTRODUCTION
The use of artificial surface texturing has been a subject of several experimental and theoretical studies. Such a texturing is becoming popular in oil-lubricated devices because of its potential benefits in terms of load-carrying capacity and friction. It has been shown that textured surfaces enhance load-carrying capacity (3)), and reciprocating (cylinder-liner) contacts (Ryk, et al. (4) ). Numerically, the use of the Reynolds equation and computational fluid dynamic (CFD) analysis based on the Navier-Stokes equation set emerged as two excellent ways of studying lubricant flow behavior within lubricated textured surfaces. Two texture modes were used: macroroughness and microroughness. The first mode is based on a single cell texture configuration (Arghir, et al. (5) ; Sahlin, et al. (6) ; Han, et al. (7) ; Ma and Zhu (8) ) and the second one is based on multiple cells pattern that provides a collective effect of the texture cells (Kligerman, et al. (9) ).
Full and partial texturing were two extreme cases of the artificial arrangement of textured areas on the contact surface. It is worth mentioning the early work of Tønder (10) , who analyzed the partial texturing mode by carrying out theoretical studies on the positive effect of a series of dimples or roughness at the inlet of a sliding surface. A comparison of partially and fully textured surfaces comprising microroughness in parallel thrust bearings was made by Brizmer, et al. (11) by employing a numerical approach. They demonstrated that the microdimple effect, which corresponds to full-width texturing, is not useful for developing the large load support expected from a hydrodynamically lubricated contact. Subsequently, several studies were published in the literature (Rahmani, et al. (12) , (13) ; Pascovici, et al. (14) ; Dobrica, et al. (15) ; Tala-Ighil, et al. (16) ) confirming the findings of Brizmer, et al. (11) . One conclusion that emerges from these studies is that partial texturing has an advantage over full texturing. In addition, more attention has been paid to optimizing texturing parameters. Various surface texture models (elliptical model, sinusoidal model, rectangular model, cylindrical model, etc.) were employed to conclude that the surface texture improves the tribological performance. Efforts were made in several works to establish the optimal texturing parameters such as texture depth, width, number of dimples, and the location of dimples that would maximize the load-carrying capacity. The aforementioned 
Nondimensional Parameters
= τ c h F /μU models and simulation results also provide an excellent set of guidelines for the optimum design of surface texture in some fields.
In most theoretical studies cited above it was assumed that the lubricated contact was represented by no-slip planes. Doubtless, this assumption simplified the theoretical analysis and was successfully applied to engineering problems to some extent. However, with the continuous progress of the nano measurement techniques during recent years, a nanoscale measurement is possible for the wall slip (Zhu and Granick (17) , (18) ; Bonaccurso, et al. (19) ). Molecular dynamics simulations also reveal the occurrence of wall slip (Barrat and Bocquet (20) ; Jabbarzadeh, et al. (21) ), depending on the roughness and the wettability of the surface. Nowadays, two main theoretical models of wall slip can be found in the literature: the slip length model (Navier (22) ; Maxwell (23) ; Pit, et al. (24) ; Watanabe, et al. (25) ) and the critical shear stress model (Spikes (26) ; Spikes and Granick (27) ; Salant and Fortier (28) ; Wu, et al. (29) ; Ma, et al. (30) ; Choo, et al. (31) ). The slip length model assumes that wall slip velocity is proportional to the shear rate at the solid surface and can be described by the following equation:
whereγ is the local shear rate, u s is the slip velocity, and β is the slip length, which is defined as the fictive distance beyond the liquid-solid interface at which the liquid velocity extrapolates to zero. At a small wall slip and small range of shear rate, some experimental observations (Pit, et al. (32) ; Baudry and Charlaix (33) ) fit very closely to the slip length model. However, at high shear rates, some other experimental results (Zhu and Granick (17) ; Craig, et al. (34) ) show that the slip velocity increases in a strong nonlinear manner with the shear rate; thus, wall slip can be described approximately by the critical shear stress model (Spikes and Granick (27) ). The critical shear stress model assumes that a critical shear stress, τ c , exists at the solid-liquid interface. So wall slip takes place only after the surface shear stress exceeds the critical shear stress.
Many works have been dedicated to the study of the random slip influence on the hydrodynamic performance; the conclusion was that wall slip influences the performance of lubricated contacts. Random slip in hydrodynamic systems may be introduced due to the existence of the critical or limiting wall shear stress, and the wall slip boundary may be random or of an (artificial) deterministic nature. In a microscale system such as a microelectromechanical system (MEMS), the boundary condition of slip or no slip plays a very important role in determining the fluid flow behavior. Such a boundary condition allows a degree of control over the hydrodynamic pressure in confined systems and is important in a lubricated sliding contact. How to control wall slip with respect to lubrication was one of the challenging research questions in recent investigations. In addition to surface texturing, the use of an artificial slip surface was introduced deliberately in lubricated sliding contacts. In practice, such a surface can be obtained by controlling its surface energy and its roughness to create a distinctive geometrical microstructure or nanostructure of the surface. A microstructured pattern, which presents textured cells with wall slip conditions, can be made using lithographic techniques, plasma etching, or metal-assisted etching. This method is then followed by hydrophobic treatment, which can be accomplished by techniques such as film or molecule deposition, solution coating, or self-assembly of hydrophobic layers (Xiu (35) ). Introducing the concept of an artificial slip zone, several researchers such as Salant and Fortier (28) , Wu, et al. (29) , and Ma, et al. (30) have explored the behavior of the sliding contact with respect to load-carrying capacity. The results of all of these investigations show the existence of a lifting force (loadcarrying capacity), even if there is no wedge effect (two parallel sliding surfaces).
Very few researchers appear to have considered the interplay of surface texture and the wall slip effect on lubrication. Bayada and Meurisse (36) , using a relatively simple simulation, demonstrated that the pressure distribution induced by deterministic roughness is smaller than that induced by an artificial wall slip boundary. Rao (37) employed an artificial slip on a stationary surface having a single groove at a slider and a journal bearing and derived the pressure, shear stress, stiffness, and damping coefficients. The modified Reynolds equation based on the slip length model was solved. The author concluded that the pressure distribution is higher compared to a conventional bearing. In a recent publication, Fatu, et al. (38) investigated the influence of wall slip on load-carrying capacity and power loss in hydrodynamic fluid bearings. Compared with the textured bearings, wall slip conditions lead to better power loss improvement and higher load-carrying capacity. However, their model neglected the existence of wall slip when exceeding a critical shear stress.
In previous works, researchers demonstrated that, like artificially created microroughness (surface texturing), an artificial slip surface pattern can significantly improve the tribological performance. In the present article, such a performance will be characterized not only by the physical surface texturing but also by the chemical modification of the surface (i.e., by adding boundary slip). For this reason, the contribution of slip properties (critical shear stress and slip length) on the load-carrying capacity at the parallel sliding textured surface is examined. In particular, the investigation is focused on defining which wall slip properties interact with the texture parameter (i.e., texture aspect ratio) with respect to the lubrication performance and how they interact. A modified Reynolds equation for a one-dimensional lubricated sliding contact is established based on the critical shear stress model taking into account the wall slip of the stationary and moving surfaces.
MODIFIED REYNOLDS EQUATION
Let us consider a lubricated contact equivalent to a lower plane moving in the x-direction with surface velocity U and an upper stationary surface; see Fig. 1 . The governing equation in a full hydrodynamic lubrication region can be described by the Reynolds equation. In a one-dimensional case, considering the pressure in the lubricated sliding contact as a function of sliding direction (x), the momentum equation is simplified as
Because the hydrodynamic pressure does not vary through the film thickness, Eq. [1] can be integrated twice to obtain the velocity distribution. In order to obtain the velocity profile, it is necessary to define the velocity boundary conditions at the top and bottom surfaces. In this study the occurrence of slip in the lubricated sliding contact is determined by two criteria. Firstly, slip may occur in those areas where both stationary and moving surfaces have been treated to allow it. Secondly, the shear stress on the surfaces must exceed a critical shear stress value, referred to as τ cs for the stationary surface and τ cm for the moving surface. When both criteria are met, the resulting slip velocity is proportional to the difference between the shear stress and the critical value, with proportionality factors referred to as α s for the stationary surface and α m for the sliding surface. This means that each of the sliding faces has a unique slip property. The product of the slip coefficient with viscosity, αμ, is commonly called slip length. The following surface boundary conditions are proposed:
It is assumed that the fluid has constant viscosity, is incompressible and laminar, and the inertia effect of the lubricant is small. For the condition in which the shear stress exceeds the critical shear stress at the solid-liquid interface (Eqs.
[2a] and [2c]), the corresponding velocity equation can be expressed as follows:
The modified Reynolds equation is derived by integrating the continuity equations. Because the fluid density ρ is assumed to be constant across the film, it is convenient to express the continuity equation in integral form as follows (Hamrock, et al (39) ):
Therefore, the modified form of the one-dimensional Reynolds equation considering the wall slip of stationary and moving surfaces reads:
∂p ∂x ∂h ∂x
When wall slip does not occur at both surfaces (stationary and moving surface), the Reynolds equation can be expressed as It should be noted that the present model (Eq. [5] ) can generally be used to solve the cases in which (1) zero or nonzero critical shear stress is present, (2) wall slip occurs either at both surfaces (stationary and moving surface) or at one of the surfaces, and/or (3) no slip takes place, by setting α s , α m , τ cs , and τ cm to their specified values according to the appropriate boundary condition of the lubricated sliding contact. It must be pointed out that the modified form of the Reynolds equation presented in Eq. [5] is different from those used in the studies presented previously (Salant and Fortier (28) (38)). The modified Reynolds equation includes the critical shear stress terms and the possibility of slip that may occur at both surfaces. Based on Eq. [5] , it should be noted that if α s , α m , τ cs , and τ cm are set to zero, the modified Reynolds equation developed becomes the classical Reynolds equation (Eq. [6] ). Figure 1 shows a schematic representation of a lubricated sliding contact with combined surface texturing and slip (texture-slip combination). In the present study, the numerical model is based on multiple dimples (without periodic boundary condition), instead of just a single dimple, allowing the effect of interaction between adjacent dimples on the hydrodynamic load-carrying capacity to be taken into account. Analysis of the combined textured/wall slip contact with uniform film thickness (two parallel surfaces) is of particular interest. An assumption is made that at the inlet and outlet of the domain the pressure is set to be ambient and the cavitation boundary condition is not used. In this study, a rectangular geometry for the texture cell shape is used. The parameter L R for the nondimensional texturing zone is introduced and categorized into three kinds of texturing: flat (L R = 0), partial texturing (L R < 1), and full texturing (L R = 1). The texturing zone L R may consist of a number of texture cells depending on the chosen texture cell aspect ratio. The texture cell can be described by three nondimensional parameters: the texture density D T (defined as the ratio between the dimple length l D and the texture cell length l C ), relative dimple depth V (defined as the ratio between the dimple depth h D and the land film thickness h F ), and the texture cell aspect ratio λ (defined as the ratio between the dimple length l D and the dimple depth h D ). For the analysis of a lubricated contact with combined texture/wall slip condition, the slip boundary is employed on all sides of the texture cell (see Fig. 1 ). In the case of the present study, the lubricated sliding contact is operating under steady-state conditions. The load-carrying capacity is determined by integrating the calculated hydrodynamic pressure field along the surface contact.
METHODOLOGY
A numerical solution is required to solve Eq. [5] . To this end, the finite difference equations obtained by means of the microcontrol volume approach (Patankar (40) ) were chosen. For all derivatives the central difference is used except at the boundaries. Appropriate one-sided difference is used at the boundaries.
Once Eq. [5] is solved for the hydrodynamic pressure distribution, the load-carrying capacity can be calculated. The modified Reynolds equation is solved using a tridiagonal matrix algorithm (Patankar (40) ). In this study, an iterative procedure is used. Initially the slip coefficient α is set at zero everywhere and the equations are solved. For textured surfaces where slip is employed, at locations where the critical shear stress is exceeded, the value of α is changed to its specified nonzero value according to the property of the surfaces, whereas in textured regions where the shear stress is below the critical shear stress, α is set at zero, and the equations are again solved. Iteration continues until the solution converges. It should be noted that the solution convergence is checked to an accuracy tolerance ω = 10 −6 where
The iteration is also performed for ω = 10 −7 and ω = 10 −8 , and it turned out that there is hardly any difference in the calculated values (<0.1%).
To ensure grid-independent results, the numerical simulations have been conducted for the case of partially textured/wall slip contact having a texture cell aspect ratio λ of 30 and varying the grid numbers N. All conditions are evaluated for nondimensional texturing zone L R of 0.65. In this investigation the grid number varies from 100 to 8,000. Figures 2 and 3 show the effect of the number of nodes N on the nondimensional load-carrying capacity W * and varying the nondimensional slip length A. Analyzing
Figs. 2 and 3 in parallel one can see that after 4,000 nodes the solution becomes stable and thus produces a grid-independent solution. Therefore, the grid number used for the calculations in the present study is 4,000.
The simulation results are presented in nondimensional form; that is, p * = ph which W is the load per unit length, τ * c = τ c h F /μU for the nondimensional critical shear stress. The nondimensional slip length A is determined by normalizing the slip length (αμ) with the film thickness h F .
Surface texturing, as mentioned in the previous section, seems to be a promising way of improving the performance of lubricated sliding contact. At this stage attention is drawn to one important practical design feature: the surface at which the textured/wall slip pattern must be applied so that it can generate more pressure and thus achieve the load-carrying capacity. Figure 4 shows a comparison of the nondimensional pressure distribution with various boundary conditions on the two parallel surfaces. The term double is used for the situation in which the combined textured/wall slip pattern is present on both the stationary and the moving surface, whereas the terms single-stationary surface and single-moving surface are addressed to the contact situation in which the combined textured/wall slip situation occurs only on the stationary surface and the moving surface, respectively. From Fig. 4 it can be observed that by applying the combined textured/wall slip pattern only on the stationary surface, pressure is generated and thus load-carrying capacity can be achieved. If, however, the combined textured/wall slip pattern is applied to the moving surface, the system has no load-carrying capacity and is therefore not of interest for engineering applications from a tribological point of view. Therefore, for all of the following computations, in order to permit the generation of the load-carrying capacity, the moving surface is designed as a smooth surface with a no-slip condition, whereas the stationary surface is designed as a textured surface with artificial wall slip. From the point of view of smooth lubricated contacts, this result is comparable with the findings of previous studies (Wu, et al. (29) ); Ma, et al. (30)). Furthermore, it is shown that in order to prevent the system from operating in an unstable manner, the moving surface should be designed as a no-slip surface, and a mixed slip boundary is applied at the stationary surface.
RESULTS AND DISCUSSION
In general, there are two main parameters in the combined textured/wall slip pattern, potentially having a significant effect on the load-carrying capacity: the texture parameters (i.e., texturing zone, texture cell aspect ratio) and the slip parameters (i.e., slip length, critical shear stress). The variations of all of these parameters are considered here. Another parameter of the utmost importance is the texture density. However, a parametric study of this parameter is outside the scope of the present article. This is because, as discussed by Dobrica, et al. (15) , the maximum texture density will always yield the best results, so the texture cannot be optimized as a function of this parameter.
Various parameters were set up to investigate the effect of the slip parameters and texturing characteristics on the lubrication performance of sliding surfaces with respect to the improvement of the load-carrying capacity. The primary parameters of the lubricated sliding contact are given as follows: the total length of lubricated contact B is 20 × 10 −3 m, the land film thickness h F is 1 × 10 −6 m, the dynamic viscosity μ is 0.001 Pa.s, and it is assumed that the fluid density ρ l is 1,000 kg/m 3 .
The range of Reynolds numbers tested is from 0.001 to 20. In the following simulations, the critical shear stresses range from 0 to 1,000 Pa, reasonable values based on the literature (Zhu and Granick (17) , (18) Rao (37) ). All parameters and the range in which they are varied for all cases investigated in the present study are summarized in Table 1 . The validity of the Reynolds equation in lubricated contacts with surface texturing was discussed in the published literature. The limits of this equation were well established based on Dobrica and Fillon (44) . In this study, care has been taken to ensure that the configurations considered here fall within the established Reynolds validity domain. Here, the texture cell aspect ratio λ varies from 30 to 300 and the Reynolds number R e varies from 0.001 to 20.
Effect of Texturing Zone
As mentioned in the previous section, partial texturing leads to positive effects. Therefore, in the present study, the texture parameter of the nondimensional texturing zone length L R is briefly discussed first. In order to determine the optimal value of L R (equivalent to the best configuration of a parallel textured slider), a parametric study is conducted in which this parameter is varied over a large range of values (0-1) for each slip condition (i.e., several values of nondimensional critical shear stress τ * c ). In previously published work, Salant and Fortier (28)) met a numerical instability problems when the critical shear stress is nonzero and therefore concluded that the lubricated contact is an unstable condition in the case of nonzero critical shear stress. The present work is able to obtain stable solutions for any value of the critical shear stress for a one-dimensional sliding contact. A numerical analysis for a two-dimensional sliding contact was also conducted (not presented in this study), and a numerical instability problem was not found. Figure 5 shows the effect of the nondimensional length of the texturing zone L R (simulating flat, partial texturing, and full texturing) on the nondimensional load-carrying capacity W * for several values of nondimensional critical shear stresses τ * c . In this discussion, a pure texturing surface (without slip) is also investigated by setting the nondimensional slip length A = 0. It is assumed that the texture density D T is constant and equal to 0.5, and the relative texture cell depth V is fixed at a value of 1. Thus, the variation of λ is achieved by modifying the dimple length l C while keeping a constant land film thickness h F and the dimple depth h D .
Several specific features can be found based on Fig. 5 . Firstly, the load-carrying capacity grows and then decreases rapidly as the length of the texturing zone L R increases. This trend prevails especially when wall slip with low critical shear stress is combined with a textured pattern. It is easy to observe that partially textured sliders are superior to fully textured sliders. Full texturing (L R = 1), as well as no texturing at all (L R = 0), is unable to generate hydrodynamic lift in parallel sliders. This means that such configurations cause lubrication failure. This result is in a good agreement with recent literature (Pascovici, et al. (14) ; Dobrica, et al. (15) ). Obviously, as can be seen from Fig. 5 , there is an optimum value for nondimensional texturing zone L R for each value of τ * c , which decreases as τ * c increases. It is therefore evident that increasing the τ * c would make a shift of the optimum texturing zone toward the leading edge of the contact (left-hand side of the curve). This indicates that with respect to the improvement in the load-carrying capacity, the texturing zone in the case of combined textured/slip configuration needs to be sufficiently extended. It is interesting to note is that when λ is increased by a factor of 10, no shift of the optimum value for L R is found. In other words, this optimum value is practically independent of the texture cell aspect ratio λ. It can be seen that the optimum nondimensional (inlet) partially textured length occurs within the interval L R opt = (0.6, 0.75), depending on the nondimensional critical shear stress. For example, in the case of combined textured/slip configuration, for both λ considered here, the optimum length of the texturing zone occurs when L R = 0.60 and 0.75, respectively, for very high τ * c (i.e., τ * c = 1.5) and very low τ * c (i.e., τ * c = 0 or perfect slip). In the solely texturing case, the optimum length of the texturing zone L R of 0.60 is noted. If the length of the texturing zone is higher or lower than these optimum values, the hydrodynamic response goes down abruptly. Secondly, for solely textured surfaces with low λ the prediction of the nondimensional load-carrying capacity is higher than that with high λ. However, the improvement in W * at textured surfaces with high λ can be obtained more easily by employing slip in the textured zone (up to 270% for τ * c = 0 at the same L R ); see also Fig. 6 . One can remark that the presence of engineered wall slip on a textured surface expecially with low τ * c creates a significant effect on increasing the load-carrying capacity in textured parallel sliding surfaces. Thirdly, employing the wall slip with high τ * c (for example, τ * c > 1) on a textured surface having low λ (in this case λ = 30) is less beneficial because the load-carrying capacity is less sensitive to the slip. Under such conditions, few or no improvements are obtained: the solutions of the combined textured/wall slip pattern are similar to the pure texturing for the whole range of L R . Thus, the use of combined textured/slip configuration with very low τ * c is recommended. However, textured surfaces with high λ (i.e., λ = 300) show a different trend, namely, that combining slip on a textured surface for high τ * c (in the case τ * c = 1) still increases W * significantly (43% for λ = 300 for the same L R ). Compared with a pure texturing case, the case τ * c = 0, which corresponds to perfect slip, produces a significant improvement in W * (up to 250% for the same L R ). Only for the case τ * c = 1.5 does it appear that adding slip to the textured surface is ineffective in generating more hydrodynamic load-carrying capacity in the contact. This indicates that in relation to a combined textured/slip pattern there are unique thresholds of τ * c for every λ. These thresholds are explored in the following section. In general, the partially textured surface combined with a slip boundary, especially for low τ * c , is more effective than the solely textured one with respect to the tribological performance of a lubricated contact.
Effect of Texture Cell Aspect Ratio
In the case of a parallel sliding surface, in order to improve the hydrodynamic effect, it is accepted that the most important process of surface texture design is to maximize the additional hydrodynamic pressure and thus increase the load-carrying capacity. For traditional (flat, no-slip) parallel contacts, no loadcarrying capacity takes place. In the textured surfaces, in addition to the texturing zone, it is believed that the texture cell aspect ratio can affect the hydrodynamic performance of lubricated sliding contacts. Therefore, in this section, in order to investigate the effect of texture aspect ratio λ, computations have been conducted by comparing several conditions; that is, different critical shear stresses and slip lengths. The plotted results have been selected for the case L R opt = 0.75, a reasonable value of optimum partial texturing zone as described in the previous section. Figure 6 shows an in-depth analysis of the effect of texture cell aspect ratio λ on the nondimensional load-carrying capacity W * for various τ * c and A. Two observations can be made based on Figs. 6a and 6b. Firstly, in the case of the partial texturing with the optimized texturing zone (L R = 0.75), increasing the texture cell aspect ratio shows a reduction in the load-carrying capacity, whereas increasing the texture cell aspect ratio by more than a specified number would not make any variations in that performance. As can be seen, an increase in the texture aspect ratio from 20 to 70 gives a reduction in the nondimensional loadcarrying capacity both for A = 2 and for A = 100. However, after λ reaches 70, the load-carrying capacity is barely influenced by a further increase in the value of the λ. This condition also prevails in the case of a solely textured surface. It should be noted that the discrepancy in the load-carrying capacity of the solely textured surface predicted by high λ (in this case λ = 300) is around 33% lower than that by low λ (i.e., λ = 30), whereas for the case of combined textured/slip configuration with perfect slip (i.e., τ * c , = 0), the discrepency is just about 6%. That is, that the loadcarrying capacity of the combined textured/slip pattern is weakly dependent on the texture aspect ratio. From Fig. 6 it is also seen that for the combined textured/slip pattern with a high nondimensional critical shear stress (i.e., τ * c , = 1.5), slip does not influence the load-carrying capacity W * very much. Such a pattern behaves similar to a solely texturing surface (no-slip condition) for the whole of λ. Therefore, again, making (inlet) partial texturing on a surface combined with a slip property having very low τ * c (close to zero) will be very beneficial to the load-carrying capacity.
Secondly, with respect to the nondimensional slip length A, combining slip at a textured surface with high A is more pronounced than with low A. For example, in the case of textured/wall slip configuration with a low slip length (A = 2), the prediction of W * is 0.225 for λ = 300 and τ * c = 0. This can be compared to the one with a high slip length (A = 100), which predicts W * of 0.269; that is, about 16% higher for the same situation.
However, it should be noted that the beneficial effect of the use of high slip length in the combined textured/slip pattern is only for a particular case; that is, the case for a slip property with low τ * c (τ * c < 1). The nondimensional load-carrying capacity W * predicted by combined textured/slip pattern with τ * c > 1, whatever the value of A, is the same for the whole of λ.
Effect of Slip Length
Numerous works have shown that a chemical treatment of the surface generates a slip length in the order of 1 μm (Tretheway and Meinhart (45)), whereas a longer slip length up to 100 μm can be obtained through a combination of a hydrophobic material with an deterministic rough structure (Watanabe, et al. (25) ; Choo, et al. (31) ; Ou, et al. (46) ). It is usually postulated that a large value of slip length implies greater slip. Therefore, the effect of wettability (represented by the slip length in this case) is also of particular interest. In the present study, the slip length of a hydrophobic textured surface is assumed as uniform in space. In order to investigate the effect of the nondimensional slip length A for lubricated contacts using texturing combined with slip, computations have been made using an optimized nondimensional texturing zone (L R = 0.75) by comparing two conditions: low and high λ, displayed in Figs. 7a and 7b.
As can be seen in Fig. 7 , at a low nondimensional critical shear stress (τ * c < 1) for nondimensional slip lengths A lower than, for example, 10, the increase in A leads to a large improvement in the nondimensional load-carrying capacity of the lubricated contact, whereas for A greater than 10, the variation in A has an insignificant effect on the performance. This trend prevails for two values of λ (in this case, for λ = 30 and 300). However, when τ * c is increased to 1.5, the benefit of employing slip on the textured surface will vanish for the texturing both with low λ (i.e., λ = 30) and with high λ (i.e., λ = 300), which is similar to the prediction of the no-slip (pure texturing) lubrication situation. It is interesting to observe that the optimal values of the nondimensional slip length A are noted. These values are identical for the texturing both with λ = 30 and λ = 300. So, an A of 10 can be considered as an optimal value for inducing the (perfect) slip effect on a textured surface for all values of λ considered here. From Fig. 7 it is also seen that for λ = 30, employing slip with τ * c = 1 on a textured surface has no effect on the performance. But for a combined textured/slip surface with high λ and adding slip using the same τ * c (i.e., τ * c = 1), an improvement in W * can still be obtained for the whole range of A (up to 50% for A > 20). Again, it indicates that there is a threshold value of the nondimensional critical shear stress that is unique for every λ, as mentioned before. In relation to the slip property, in the case of (inlet) partial texturing pattern with slip, it is found that by setting the τ * c to zero the highest W * can be achieved for the whole range of A. The predicted load-carrying capacity enhancement is in some cases spectacular, especially for the high texture cell aspect ratio case. In the study considered here, in the case of combined textured/wall slip pattern having λ = 300, the maximum improvement in W * is up to 300% calculated for τ * c = 0 and A = 20 or larger. For a textured surface with low λ (i.e., λ = 30), computation predicts 
Effect of Critical Shear Stress
Critical shear stress is a main parameter in the numerical computation of slip boundary. The critical shear stress model adopted in the present study assumes that wall slip occurs only after the surface shear stress reaches the critical shear stress. The focus of this section is to show the importance of the critical shear stress choice for contacts with a textured surface combined with awall slip boundary. It will be shown that the slip property on a combined textured/wall slip pattern must be chosen with care, because an inappropriate choice can lead to a decrease in the load-carrying capacity. The influence of wall slip will be investigated for a textured surface by varying the critical shear stress. In the calculations the (inlet) partial texturing surface at the optimized nondimensional texturing zone (L R = 0.75) is used. This is because, as discussed earlier, it is known that a (inlet) partially textured surface is superior to both a fully textured surface as well as a flat surface (no texturing at all) with respect to load-carrying capacity. Figure 8 shows the effect of the nondimensional critical shear stress τ * c on the nondimensional load-carrying capacity W * for different nondimensional slip lengths A for (a) λ = 30 and (b) λ = 300. It can be found that combining slip on a textured surface is much more effective than without slip (i.e., pure texturing) and most effective when the critical shear stress is zero for both low λ and high λ. For an optimized nondimensional textured zone (L R = 0.75), the hydrodynamic load-carrying capacity of the textured pattern combined with perfect slip results in an increase of a factor of 2 and 4, respectively, for λ = 30 and λ = 300, greater than that predicted by the solely textured pattern. From Fig. 8 it can be seen that the nondimensional hydrodynamic load-carrying capacity decreases as the nondimensional critical shear stress τ * c increases. However, as explained in the previous section, there will be a limit of τ * c after which an increase in τ * c will have no influence on W * . This means that the combined textured/slip pattern will behave like a solely textured surface if the nondimensional critical shear stress is higher than the threshold; otherwise, the load-carrying capacity may improve significantly until the perfect slip condition is achieved. It can also be seen based on c of λ = 300. This is also consistent with the results presented in Fig. 6 : when λ is larger than around 70, the variation in λ will have very little effect on W * . Based on Fig. 9 , it may be concluded that for τ * c = 1, the textured/slip pattern with low λ (i.e., λ = 30 in this case) behaves like a solely textured surface. However, when λ is increased by a factor of 10, wall slip still has a significant effect on the increase in the load support (38% higher than pure texturing). Generally speaking, for the same value of the critical shear stress, wall slip may or may not occur depending on the characteristics of the surface texturing (represented by texture aspect ratio λ in this case).
The critical shear stress was found to depend on surface wettability, surface roughness, fluid viscosity, etc. The wettability (sometimes called hydrophobicity) is a critical surface property for materials or devices in micro-applications. The surface wettabilty is generally presented in terms of a slip length, which quantifies the extent to which the fluid elements near the wall are affected by corrugation of the surface energy (Thompson and Troian (47) ). As is well known, the roughness effect on the critical shear stress is not so clear. Some researchers (Zhu and Granick (17) ; Pit, et al. (32) ; Granick, et al. (41) ) reported that surface roughness inhibits wall slip or increases the critical shear stress, but others (Bonaccurso, et al. (48) ) reported that it increases wall slip. In this section, through numerical simulation, it is shown that in the case of the deterministic roughness combined with artificial slip, the threshold value of the critical shear stress depends in practice on physical roughness (i.e., texture parameter) instead of chemical roughness (i.e., slip length). This finding may bring us a new idea for controlling such stress to obtain an expected performance in both the scientific research and engineering design for microfluidics and MEMS-based devices.
Effect of Reynolds Number
The interest in varying the Reynolds number (R e = ρUh F /μ) is quite clear, because the practical applications of combined textured/slip may function at various Reynolds numbers. The Reynolds number is an important parameter to consider because it characterizes the operating conditions. In the present work, the variation in R e was made by dividing the sliding velocity while multiplying the viscosity by the same factor. In this way, the factor μU, which is part of the nondimensional pressure factor (p * = ph (44) . However, for such a range of R e , the texture cell aspect ratio λ that can be chosen covers a large range; that is, as long as λ is greater than 30. Figures 10 and 11 show the effect of the Reynolds number on the nondimensional load-carrying capacity by varying the texture cell aspect ratio and nondimensional slip length, respectively. All conditions are evaluated using a partially textured surface. As can be seen in Fig. 10 , the load-carrying capacity decreases as R e increases for all λ values. A loss in the overall hydrodynamic loadcarrying capacity can be observed. The same trend (reduction in W * ) can be found in Fig. 11 . Looking at the nondimensional slip length, for high A values (in this case A = 20 and 100) the nondimensional load-carrying capacity W * is not very sensitive to the increase in R e . Contrary to the results for high A, the W * predicted for low A (i.e., A = 2) turns out to be sensitive to R e , especially to the range of R e that is less than 4. In the case of pure texturing (A = 0), as expected, the nondimensional load-carrying capacity seems to show negligible variation for the whole range of R e values considered. Generally speaking, adding wall slip to a textured pattern has a very positive effect on the load-carrying capacity for the range of Reynolds numbers considered here. It should be noted that because Re is relatively small, the combined textured/wall slip pattern can be a very promising way to enhance the performance of liquid-lubricated MEMS.
CONCLUSIONS
A hydrodynamic lubrication model for a textured surface combined with wall slip was proposed, and it was shown that the combined textured/wall slip pattern can give many advanced properties compared with a solely textured contact (without slip). A parametric analysis with respect to the texturing zone, texture cell aspect ratio, slip length, and critical shear stress was performed in order to find optimum parameters for maximum loadcarrying capacity. The following conclusions summarize the results of the present study:
1. Partial texturing is much more effective than a flat (no texturing) surface as well as full texturing with respect to the load-carrying capacity. Adding the slip to a textured surface is preferable. 2. The greatest improvement in the load-carrying capacity is observed when the configuration of the combined textured/slip
